ABSTRACT: Nutrient content in soil solution may vary in response to the applied amount of pig slurry (PS). Thus, the aim of this research was to evaluate the nutrient content in soil solution and its relationship to nutritional status and yield of corn under 12 years of annual fertilization with increasing doses of PS, soluble mineral fertilizer (MF) and PS combined with MF. The experiment was conducted under field conditions in a Latossolo Vermelho Distroférrico (Typic Hapludox). The treatments consisted of pig slurry at annual rates of 50 and 100 m 3 ha -1 (PS50 and PS100), soluble mineral fertilizer (MF), and pig slurry at a rate of 25 m 3 ha -1 complemented with mineral fertilizer (PS25 + MF), distributed in a randomized block design. Soil solution was sampled at two depths, 0.40 and 0.80 m, on six dates after the fertilizer applications. The nitrate (NO − 3 -N) and K levels in the soil solution were measured 40, 108 and 135 days after the last application of fertilizer (DAAF), being subsequently correlated with corn yield. PS50 provide contents of NO 
INTRODUCTION
Brazilian pig farming has been growing and thereby increasing the amount of generated waste. This fact raises concerns about the proper disposal of this residue, which is usually applied as fertilizer on farmlands, following technical recommendations with the aim of improving the chemical, physical and biological soil properties and, as consequence, increasing crop yields Mafra et al., 2015) . Meanwhile, the use of pig slurry (PS) as a fertilizer requires the development of application technologies that enable taking advantage of its favorable effects on soil and agricultural production. Thus, it should be considered that this residue has a quite variable elemental composition, mainly regarding the type of pig rearing management adopted, the amount of water used and the manner of storage (Diesel et al., 2002) .
When applied to the soil, PS can promote changes in the contents and forms of mineral nutrients, especially macronutrients such as N, P and K, by virtue of the expressive added quantities (Cassol et al., 2012; Mafra et al., 2014) . Most of the N content in PS is in the form of ammonium (NH + 4 ) (Schirmann et al., 2013) and as applications are made on the soil surface, part is lost in the form of ammonia and another part is rapidly transformed into nitrate (NO − 3 ). Nitrate is mobile in the soil (Payet et al., 2009; Tuli et al., 2009) , which favors N leaching. However, despite the low mobility of P in the soil, successive applications of mineral and mostly organic fertilizers increase the concentrations of organic and inorganic P in the solution, which favors its movement along the soil profile (Heathwaite, 2000; Fernandes et al., 2015) . In contrast, K is in mineral form in PS and after its application, a large share is adsorbed to negative charges in the soil, but is easily exchanged and made available within the solution (Ernani et al., 2007; Werle et al., 2008) .
Another possible effect of the continuous application of PS on soil is the accumulation of Cu and Zn, which are found at high concentrations within this waste, since they are added in high amounts to feed formulations as a way to compensate the low utilization of such nutrients by the animals (Marcato, 1997) . However, Cu and Zn are strongly held in the soil by specific adsorption to organic matter and oxides which compose the soil (Sipos et al., 2008) . , Cu and Zn, respectively. However, there are no guidelines or reference levels for P and K in the Brazilian legislation. Studying the concentrations of these elements in the solution of soils fertilized with PS, primarily NO − 3 and P is necessary because of their potential to promote water eutrophication, which reduces water oxygen level and quality as well as aquatic species diversity (Correll, 1998; Smith et al., 2007; Usepa, 2009) . For this to transpire, the soil solution must contain concentrated amounts of nutrients, especially NO − 3 and P, and there must be a movement of this solution along the soil profile, reaching groundwater, springs and surface water.
Therefore, knowing the dynamics of nutrients within the soil solution is essential to prevent surface and ground water contamination, reduce production costs and correctly manage fertilizations, especially with organic fertilizers. Nevertheless, the complexity and difficulty in extracting soil solution, as well as the low concentration and difficulty of quantifying nutrients, render the use of this method a technical criterion for fertilizer recommendation, being restricted to a few researches (Schlotter et al., 2012; Souza et al., 2013) .
Fertilization, both with mineral and organic fertilizers, increases the concentration of nutrients within the soil solution, which increases the absorption of such elements by plants, with a consequent increase in foliar content. Thus, we have raised as a hypothesis for this study that the continuous use of PS could increase the concentration of nutrients within the soil solution in proportion to the dose applied, thereby increasing the yield of corn cultivated. However, this residue provides an excessive increase when applied in annual doses exceeding 50 m 3 ha -1
, especially to a depth of 0.8 m. As a result, amounts
Rev Bras Cienc Solo 2016;40:e0150341 of NO − 3 , P, Cu and Zn may reach values higher than those considered safe for human consumption and environmental quality. In this way, quantifying the nutrient amounts within the soil solution of areas fertilized with PS and/or mineral fertilizer, for 12 continuous years, can yield a great understanding of their dynamics, aside from comprehending their relationships with mineral and organic fertilizations. This knowledge would contribute to define appropriate PS doses to prevent the loss of nutrients and water pollution.
The main objective of this study was to determine the soil solution contents of N, P, K, Cu and Zn within samples of a Latossolo Vermelho Distroférrico (Typic Hapludox) at depths of 0.4 and 0.8 m from an area grown with no-tillage corn-oat rotation and 12 years of annual fertilizations with pig slurry, soluble mineral fertilizer and combined fertilization (pig slurry + mineral fertilizer), as well as relating these data with plant nutritional status and corn grain yield under no-tillage system.
MATERIALS AND METHODS
The experiment was carried under field conditions in 2001, in Campos Novos, Santa Catarina, Brazil, in an area with an average altitude of 863 m. Local climate is classified as humid mesothermal with balmy summer (Cfb), according to the Köppen's classification system, with an average annual rainfall of 1,480 mm, well distributed throughout the year and an average annual temperature of 16 °C. The soil is classified as Latossolo Vermelho Distroférrico (Typic Hapludox) derived from basalt rocks.
Soil chemical properties in the 0.0-0.2 m layer (mean of four composite samples of 10 subsamples) were analyzed according to Tedesco et al. (1995) ; and base saturation 87 %. Soil physical properties were analyzed by the methods suggested by Claessen (1997) : clay 680 g kg . Clay fraction mineralogy is mainly composed of kaolinite, iron oxides (goethite and hematite) and clay minerals of the 2:1 type with hydroxy-Al polymers within interlayers and the minimal occurrence of gibbsite and quartz (Almeida et al., 2003) .
Before experiment implementation, the area was used for commercial cropping (corn, soybeans, wheat and oat) and managed under no-tillage system for 12 years. In the 2000/2001 harvest, one year before the beginning of experiment, the farmer started fertilizing soil with PS throughout the entire area, applying 25 m 3 ha -1 .
The experiment comprises the annual application of the following treatments: pig slurry (PS) in annual rates of 50 (PS50) and 100 m 3 ha -1 (PS100), soluble mineral fertilizer (MF), and fertilization with 25 m 3 ha -1 PS complemented with mineral fertilizer (PS25 + MF). The MF treatment consisted of urea, triple superphosphate and potassium chloride at annual rates of N, P and K, respective to 130, 44 and 58 kg ha , from 2007 to 2012. These rates were defined based on recommendations aimed at yielding 8 Mg ha -1 of corn grains, in the first period, and 11 Mg ha -1 in the second (Tedesco et al., 2004) . The treatment PS25 + MF, besides PS, included applications of the soluble fertilizers mentioned above, with doses of N, P and K adjusted so that the amounts of the three nutrients were similar to those provided in the MF treatment. Treatments were performed in plots of 12 × 6.3 m, in a randomized block experimental design with four replications.
Applications were held 15 to 20 days after crop-desiccation spraying with glyphosate, every October. Fertilizers were broadcast on top of the soil/ residue surface, distributing the PS with the aid of a manure spreader and spreading MF manually. In MF treatment, the amount of N was split, applying 20 % in the planting furrow and the rest was divided into two seasons, being applied by throwing as corn top dressings.
The slurry used in the experiment was derived from the manure of growing pigs, being stored in continuous flow in open dunghills for about four months prior to the application.
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Liquid swine slurry used in the experiment was characterized (Table 1) , by withdrawing a representative sample analyzed in duplicate. A dry matter determination was performed by drying in an oven with air circulation at 65 °C. The pH determination was made by reading with a pH meter directly in PS samples and nutrient analyses were carried using "in natura" aliquots of the residue (wet basis) and performed as described by Tedesco et al. (1995) . Corn was sown seven to 12 days after treatment application, usually in the first week of November, while winter crops were sown in the first fortnight of June each year. Sowing of all crops was carried out with a non-tillage tractor-drawn seed drill, composed of a stubble-cutting disc and double disc openers with gauge wheels, a chisel plow and a compactor with two rubber wheels. Grain yield was obtained by manual collection of all fallen and mechanically threshed corncobs over the plot floor area (10.2 × 4.9 m), and adjusted to 13 % moisture. For winter crops, we evaluated the biomass production within the plot floor area, collecting three 1-m 2 subsamples per plot. These samples of winter crops were dried at 65 °C until a constant weight was reached.
Corn (Zea
Thirty samples of leaves were taken opposite corn ear within the middle third of corn plants at tasseling stage to evaluate nutrient uptake (50 % tasseled plants), as described in the fertilization and liming handbook for the states of Rio Grande do Sul and Santa Catarina in Brazil (Tedesco et al., 2004) . Following collection, leaf tissue was washed and placed to dry in an oven with forced air at 65 °C, and subsequently ground. The contents of N, P and K within the corn leaf tissue were determined according to methods described by Tedesco et al. (1995) .
Soil solution sampling was held from October 2011 to November 2012, up to 320 days after treatment application, encompassing corn and oat cycles (Table 2) , as significant rainfalls enabled sampling and the extraction of soil solution. These samples were collected three days after high-intensity rains (Figure 1 ), using extractors as in Reichardt et al. (1977) . Two extractors were assembled in the middle of each plot, one at a depth of 0.4 m and the other at 0.8 m. The system was maintained at 60 kPa for three days using a syringe inside extractors. During vacuum application, toluene was dropped into collection flasks, aiming at inhibiting microbial activity. The solution volume extracted varied according to soil moisture and hence to water retention energy in the soil, with around 80 mL solution being collected from each extractant at the depth of 0.4 m, and 40 mL at 0.8 m. After collecting, field samples were frozen and kept at -10 °C until the time of analysis.
The analysis evaluated the amounts of NH Data underwent variance homogeneity and normality analyses that indicated no need for data transformation. After all parametric statistical assumptions were met, the variance analysis was performed using the F-test, according to a randomized block design. When significant, the effect of treatments and sampling times were compared using the LSD test (p<0.05). Nutrient contents within the soil solution were correlated to respective plant tissue amounts and corn grain yields by Pearson correlation (p<0.05).
RESULTS AND DISCUSSION
Soil solution ammonium concentration (NH + 4 -N) on all sampling dates was below the lower detection limit set by this determination method. A possible explanation may be related to ammonium adsorption to surface charges on the soil colloids, both in clays and organic matter, thus turning from the liquid to the solid phase. In addition, there is also a fast transformation of NH + 4 -N into nitrate (NO − 3 -N), regarding the nitrification process in an oxidizing environment (Payet et al., 2009; Zhang et al., 2011) , which is conditioned by high drainage and aeration of Latossolo Vermelho Distroférrico (Typic Hapludox). According to Aita et al. (2007) , the entire amount of NH + 4 -N in the pig slurry (PS) can be nitrified within ten days after application. It is considered that on average, 60 % of total N in manure is in the mineral form (NH + 4 -N) (Schirmann et al., 2013) . Fast nitrification increases the concentration of NO Nitrate contents sampled from SS at depths of 0.4 and 0.8 m varied with sampling times as well as type of fertilizers (Table 3) . These variations may be attributed to the dose and type of fertilizer used (Lafleur et al., 2012; Coscione et al., 2014) , to the rainfall intensity which, in turn, influences the water infiltration rate into the soil (Kaiser et al., 2010; Cambier et al., 2014) , to groundwater table fluctuation, to crop development and to the soil surface management adopted.
The PS100 had an NO (Table 3 ). Such result suggests a possible N displacement within soil profile and may be due to the MF soluble form as well as fertilization splitting in corn crop when compared to single application and pre-sowing using PS.
The lowest soil solution contents of NO − 3 -N were observed on all evaluated dates and both depths for PS50. Drinkwater et al. (1998) demonstrated that N losses were reduced by using organic fertilizers. Similarly, Basso et al. (2005) reported the absence of groundwater contamination with NO − 3 -N, after applying pig slurry at rates of up to 40 m 3 ha -1 in an Argissolo Vermelho Distrófico arênico (Ultisol).
The differences between sampling times with respect to the soil solution NO − 3 -N content can be explained by variations in the phenological stage of crops ( Table 2 ). The largest NO (Table 3) . Thus, both organic and mineral fertilizers promote NO solution extractants might underestimate the nutrient content in the solution, because the tension in these devices can only be implemented and maintained under conditions of high humidity in the soil (Souza et al., 2013) . However, there is a need for further studies using this method of soil solution extraction, by porous capsule extractants, mainly in relation to its use under field conditions. At 108 and 135 DAAF, the NO − 3 -N contents were higher at both depths (0.4 and 0.8 m), which might have been due to the low nutritional demand of corn. At 230 DAAF, at 0.4 m depth, the MF, PS25+MF and PS100 achieved the highest amounts of NO − 3 -N (Table 3) . During this period, there is no nutrient absorption since crops had been removed, in addition to nutrient cycling in corn residues left on the soil surface (Table 2) and roots in the soil, which are mineralized and subsequently nitrified.
The lowest soil solution contents of NO
After 320 DAAF, at both depths, NO − 3 -N contents decreased (Table 3) . It might have occurred mainly due to the lower residual effect of N fertilizer, added to leaching losses over time, and to N absorption by oat plants introduced on 250 DAAF. At 320 DAAF, oat plants were at the third tiller stage (Table 3) , at which there is higher N uptake and a decrease in soil solution. It is worth mentioning that PS was applied once a year, a week prior to corn sowing, i.e. with some residual effect from oat crop.
Regarding the soil solution P content, there were variations with sampling dates and fertilizer type at both depths (Table 3 ). There was slight variation in the contents among treatments at both depths; however, PS100 stood out by providing the highest amounts, being higher than PS25+MF at 40, 108 and 135 DAAF, as well as than MF and PS50 at 108 and 135 DAAF at 0.4 m; and treatment PS50 at 40,108 and 135 DAAF, and PS25+MF at 135 DAAF at 0.8 m. These findings can be explained by the P intake of 140 kg ha -1 yr -1 in PS100, compared to an intake of 57 kg ha -1 in MF and PS25+MF and 70 kg ha -1 in PS50.
There is a lack of studies comparing methods of soil solution extraction and nutrient determination (Schlotter et al., 2012) . Phosphorus contents between 0.2 and 0.3 mg L -1 are taken as an ideal for soil solution and further plant growth (Basso et al., 2005) . In this way, all treatments yielded adequate concentrations of P during corn vegetative and reproductive stages.
Furthermore, there are few studies in the literature regarding the use of solution extractants with porous capsules under field conditions to evaluate the soil solution regarding contents of N and mainly for P and K evaluations. The studies developed with these extractants are more common under controlled conditions (Souza et al., 2013; Fernandes et al., 2015) .
The lowest P contents were observed after 90 DAAF. This behavior was also observed in NO − 3 -N and might be due to the greater absorption of these nutrients by corn plants during this period (Table 3) . At 108 and 135 DAAF, we observed an increase in the soil solution P contents at both depths. In this period, crop has a reduced demand for nutrients.
Corn residue and root decomposition contributes to organic C provision; however, for low molecular weight structures, it aids in orthophosphate complexation, which implies a reduction in the soil solution P content. This may account for the reduction of P in the solution between 135 and 230 DAAF, together with the concentration of this element in corn grains, reducing the contribution of crop residues in P cycling when compared to N and K.
The P concentration on 320 DAAF was below those on 40, 108 and 135 DAAF. During this period, the greatest nutrient absorption by oat plants justifies this outcome (Table 3) , which was also observed for NO − 3 -N within the same period. The rapid adsorption of P in a Typic Hapludox, even the most stable P forms (non-labile), and the absence of restitution of this element into the system are factors that have contributed to reduce the amount of P in the solution on 230 and 320 DAAF.
The largest amounts of K in soil solution were found for PS100, on 40, 108, 135 and 230 DAAF at both depths, except for 108 DAAF, when there was no difference at the depth of 0.8 m (Table 3) Except for PS100 at 0.4 m, the soil solution K contents were similar for all evaluated dates and treatments at both depths. It can be influenced by the high mobility of this nutrient throughout soil profile and the rapid desorption from colloids, which quickly balance the ionic stability of soil solution (Ernani et al., 2007) .
The K, in solution, poses no risk of water contamination. The Brazilian legislation (Conama's Resolution N. 420/2009) does not provide guidelines for the environmental management of K in areas fertilized with organic composts to ensure the groundwater quality.
Even after 12 years of annual application of swine manure and soluble mineral fertilizer, Cu and Zn forms could not be detected within the soil solution at both depths. The amounts of Cu and Zn were below the lower limit of detection (0.005 mg L -1
) of the device used; therefore, such data were not displayed in the results. Both micronutrients are strongly retained by specific adsorption, forming covalent bonds with organic matter and with crystalline forms of Fe and Al oxides within the clay fraction (Sipos et al., 2008; Paradelo et al., 2011) . It is relevant to mention that kaolinite clay fraction and iron oxide crystalline forms, such as goethite and hematite, are predominant in Latossolos Vermelhos Distroférricos (Almeida et al., 2003) .
For both depths, the soil solution NO − 3 -N content had no correlation with the N amounts found in corn plant tissue in all evaluation dates. On the other hand, this ion showed correlation with crop yield at both of the assessed layers, for the dates of 40, 108 and 135 DAAF, during the entire corn cycle (Table 4 ). We must highlight that leaf sampling for N, P and K determinations was performed during the same period of soil solution collection at 90 DAAF. Table 4 . Correlation of nitrogen, phosphorus and potassium contents in the soil solution with concentrations in corn leaf tissue and grain yields in a Typic Hapludox subjected to 12 years of fertilization with with pig slurry, mineral fertilizer and pig slurry combined with mineral fertilizer, at two depths (0.4 and 0.8 m) and on different days after the application of fertilizers (DAAF)
Depth
Par.
( for MF, PS25+MF, PS50 and PS100, respectively. However, some of these levels are considered suboptimal for corn crops, which ranges between 28 and 32 g kg -1
according to Malavolta et al. (1997) . The low levels of this nutrient in plant tissue were likely influenced by droughts during the months of November, December and January (Figure 1 ), when plants have high demand for water, thus reducing the levels of N in plant tissue.
Corn grain yields for MF, PS25+MF, PS50 and PA100 were 7829, 8235, 9056 and 9695 kg ha -1 , respectively (Table 4) . Also, in order to reach 90 % of these values and present the content of NO There was no correlation between P content in the soil solution with its concentration in plant tissue or with crop yield (Table 4 ). The average content of P in the tissue of corn plants was 2.3, 2.1, 2.4 and 3.1 g kg -1
, respectively, for the treatments MF, PS25+MF, PS50 and PS100. These levels are within the range considered adequate for the corn crop, which is 1.9 to 3.5 g kg -1 as stated by Malavolta et al. (1997) .
The average levels of K in the tissue of the corn plants were 23, 22, 22 and 24 g kg -1
for MF, MF, PS25+MF, PS50 and PS100, respectively, therefore being within the range considered adequate for corn crop, which is from 18 to 30 g kg -1 according to Malavolta et al. (1997) . The K content in the soil solution was not correlated with the content of this element in plant tissue for both collection times and depths; however, presenting a correlation with grain yields on 40 DAAF at 0.4 m, on 108 and 135 DAAF at both depths.
Based on linear adjustment and using 90 % of the maximum yield, it was observed that the effective levels of K in the soil solution were 6.8, 10.0 and 9.3 mg L -1 on 40, 108 and 135 DAAF at 0.4 m, as well as 3.4 and 3.2 mg L -1 on 108 and 135 DAAF at 0.8 m (Table 4) . These data can assist in soil fertility decision-making, aiming at the efficient use of economic resources, yield increase and environmental monitoring improvement.
After 12 years of application, using MF, PS25+MF, PS50 and PS100, the cumulative extractable P concentrations in the soil were low, with the exception of PS100 that presented a P content that is considered high. In contrast, the K values are considered very high (Table 5) , according to the fertilization and liming handbook for the states of Rio Grande do Sul and Santa Catarina (Tedesco et al., 2004) .
The levels of organic matter, P and K are referred to contents in the soil after corn and oat cultivations, in which all fertilizers were applied as a single dose and before sowing (Table 5) . Unlikely, in MF, nitrogen was parceled, being 80 % of the total dose applied in top dressing. 
CONCLUSIONS
The soluble mineral fertilizer and pig slurry applied yearly for twelve years in a Typic Hapludox increases the nutrient content in the solution, especially nitrate and potassium at depths of 0.4 and 0.8 m.
The annual fertilization with the dose of 50 m 3 ha -1 pig slurry in no-tillage corn-oat crop rotation provides amounts of nitrate, phosphorus and potassium in the soil solution that are similar to those supplied by mineral fertilizer and mineral fertilizer supplemented with pig slurry.
The nitrate and potassium levels in the soil solution are positively correlated with corn yield.
After 12 years of pig slurry application at doses of up to 100 m 3 ha -1 yr The application of 100 m 3 ha -1 pig slurry provide nitrate amounts higher than 10 mg L -1 in the soil solution, which is above the maximum ceiling set by Conama's Resolution N. 420/2009. 
